We use free-standing TiO 2 nanotube membranes that are transferred onto FTO slides in front-side illuminated dyesensitized solar cells (DSSCs). We investigate the key parameters for solar cell arrangement of self-ordered anodic TiO 2 nanotube layers on the FTO substrate and namely the influence of the annealing procedure on the DSSC light conversion efficiency. The results show that using an optimal temperature annealing profile can significantly enhance the DSSC efficiency (in our case η = 9.8 %), as it leads to a markedly lower density of trapping states in the tube oxide, and thus to strongly improved electron transport properties.
TiO 2 -based dye-sensitized solar cells (DSSCs) have attracted much attention in the last decades mainly because of their low cost of fabrication and relatively high efficiency compared to devices based on other inorganic semiconductors. Cell efficiencies up to 12.3 % were reached with Grätzel-type solar cells by using dye-sensitized TiO 2 nanoparticle (NP) films as photo-anode. [1, 2] Except for an optimal light harvesting by the dye and injection of carriers into the TiO 2 scaffold, a key element for the cell efficiency is the transport of electrons through the photo-anode (vs. various recombination pathways). In this context, the charge carrier mobility and cell efficiency are inherently limited in a TiO 2 nanoparticle (NP) film by the "random walk" electron transport through the network. [3] [4] [5] Therefore, one-dimensional (1D) architectures such as high-aspect ratio nanowire, [6, 7] nanorod, [8, 9] and nanotube [3, [10] [11] [12] [13] [14] [15] arrays have been investigated as photo-anodes for DSSCs, in expectation of a directional and thus faster electron transport. Anodic TiO 2 nanotube (NT) layers have attracted wide attention primarily due to their geometry but also due to their long term stability and facile fabrication. The process of growing tube arrays is based on a simple anodization of a piece of Ti metal under self-organizing electrochemical conditions. [16] In principle, the resulting aligned nanotubular oxide layers can directly be used in Grätzel type DSSCs adopting a so called "backside" illumination configuration, where the Ti metal represents the back contact to the dye-sensitized NT layer (see scheme S1(a) in the ESI). Nevertheless, one would expect a front-side illumination configuration of the TiO 2 nanostructures (scheme S1(b) and (c)) to reach higher cell efficiencies compared to a back-side configuration, this because the photo-anode in this case can be irradiated through the FTO glass so that light losses due to light absorption in the electrolyte and in the Pt coating of the counter electrode are minimized. In order to establish a front-side illumination configuration with anodic TiO 2 NT layers, either Ti metal is sputtered on optically transparent conductive substrate glass (FTO) and completely anodized until a transparent NT layer is formed, [17] or NT layers are detached from the Ti substrate as free-standing membranes and are transferred onto FTO slides. Up to now the latter approach, that is, the layer transfer, led to higher cell performance compared to sputtering Ti layers on FTO. [18] [19] [20] A range of different strategies were developed for transferring and arranging tube membranes for their use in DSSCs. Not only tube length and various decoration techniques but also different geometries and configurations, such as open/closed tube bottom and tube bottom up/down (illustrated in scheme S1 in the ESI) were explored. [18, [20] [21] [22] [23] [24] In all these works, as grown nanotubes are typically converted to anatase by suitable annealing. In spite of this, a thorough study of the annealing conditions of the tubes (including temperature ramping rates) is still missing. This is surprising as earlier reports have shown that the annealing rate can, for instance, drastically affect the tube wall morphology, the chemical properties [25] and the density of grain internal trapping states, [26, 27] and thus could be expected to significantly affect the electron transport properties. Therefore, the present work explores the feasibility to achieve higher efficiencies for front-side illuminated DSSCs, particularly by improving the electron transport properties of the tubes using optimized annealing conditions (specifically addressing also temperature ramping). In order to evaluate various solar cell configurations, we produced free-standing membranes with a number of transfer techniques, and we optimized the annealing treatment of the nanotube layers. Under optimized thermal treatment that implies, namely, a controlled heating rate, TiO 2 NT membranes in an optimal configuration exhibit improved intrinsic electronic properties and thus lead to photo-anodes for front-side illuminated DSSCs with significant increase in their efficiency. TiO 2 nanotube layers were formed by anodization of Ti foils at 60 V for 1 h in an ethylene glycol-based electrolyte (containing 0.15 M of NH 4 F and 3 vol.% of DI water). A re-anodization approach (see the ESI for additional details) was used to detach the nanotube layers from the Ti substrate. This allows nanotube membranes to be successfully lifted off and transferred as an intact layer onto TiO 2 NP-coated FTO glass. Screening experiments were carried out by fabricating photo-anodes with 20 µm-thick free-standing tube membranes that were transferred on FTO slides in two different geometries, that are, tubetop-up and tube-top-down configurations, as illustrated in scheme S1(b) and (c). These photo-anodes were crystallized (see XRD data in Fig. S1 ) and then were used for fabricating DSSCs. The preliminary experiments (see results in Fig. S2 ) show that the tubetop-down configuration ( Fig. 1(a) ) of the photo-anode along with annealing temperature of 500 °C represent the experimental conditions leading to cells with higher efficiencies (data are discussed in the ESI). Therefore, these conditions were adopted for all further experiments. Specifically, the crystallization of the tube membranes at different heating/cooling rates (10, 30 and 60 °C min -1 ) was investigated in detail. In every case, the XRD patterns of different photo-anodes ( Fig. S1(a) ) show the TiO 2 nanotube membranes to consist of pure anatase phase regardless of the heating/cooling rate. From these layers, the DSSCs were fabricated as reported in the experimental section (see the ESI). A "reference cell" was also fabricated by using a 20 µm-thick TiO 2 NP layer as photo-anode instead of the detached nanotube membranes. Fig. 1(b) shows the J-V curves of the cells and summarizes their photovoltaic characteristics measured under simulated AM 1.5 (100 mW cm -2 ) front-side illumination. Clearly, the cell efficiency is strongly affected by the annealing conditions (ramp rate), that is, a significant enhancement of the photovoltaic performance is observed when increasing the heating rate from 10 to 30 °C min -1 . In particular, a heating rate of 30 °C min -1 leads to a significant improvement of the solar light conversion efficiency up to 9.79 %.
All efficiency values reported here were obtained by measuring the cell efficiency under defined active area conditions (see detailed discussion in the ESI) and are in line with IPCE measurements (see Fig. S3 in the ESI) . A further increase of the heating rate up to 60 °C min -1 leads to a decrease of the cell performance, although the cell efficiency is still markedly higher than measured for slow ramping conditions (e.g., 10 °C min -1 ). The results in Fig. 1 (b) furthermore show that an optimized annealing of the tube membranes (e.g., heating rate of 30 °C min -1 ) led to cells that were more efficient than a DSSC assembled from a TiO 2 NP film (this photo-anode was annealed under the same conditions as adopted for crystallizing the membranes). A factor that commonly strongly affects the photovoltaic performance is the specific dye-loading, that is, the larger the amount of dye loaded by chemisorption on the TiO 2 surface, the higher is the light harvesting efficiency and thus the cell efficiency. However, data in Fig. 1(b) clearly show that the highest dye-loading was measured for the TiO 2 NP-based photo-anode (this is in line with commonly observed lower BET areas for tube layers compared to nanoparticles). In other words, the dye-loading cannot be the key to explain the significantly higher efficiency of cells fabricated with rapidly-annealed tubes. Therefore, IMPS measurements were performed in order to assess the electron transport properties of the different dye-sensitized photo-anodes ( Fig. 1(c) ). Data in Fig. 1(c) show that significant improvement of the electron transport was obtained for DSSCs that were fabricated with membranes crystallized by rapid annealing (i.e., 30 and 60 °C min -1 ). Similar results were obtained also when performing IMPS measurements on the bare photo-anodes (i.e., without dye-sensitization), this confirming that rapid annealing of the tubes enables improved charge transport properties (see Fig. S4 in the ESI). Yet, it is worth noting that (i) the tubes annealed at 30°C min -1 showed markedly faster electron transport properties compared to those treated by an even faster ramping (i.e., 60°C min -1 ), and (ii) the 20 µm-thick TiO 2 NP layer used for fabricating the reference cell always showed worse charge transport properties (i.e., slower electron transport and faster charge recombination) compared to the NT-based cells, this regardless of the annealing conditions. The latter result, in particular, shows that the geometric features of the TiO 2 photo-anode largely affect the charge carrier mobility which in turn influences the cell efficiency. In other words, the electron transport across a TiO 2 photo-anode can largely benefit from the use of one-dimensional TiO 2 NT arrays in comparison to slower characteristics observed for NP layers. [3] [4] [5] [10] [11] [12] By taking into consideration that the cell efficiency may strongly relate to the structure of the TiO 2 scaffold, a morphological evaluation of the crystalline photo-anodes annealed with different ramping rates was carried out by performing scanning and transmission electron microscopy (SEM and TEM) (see Fig. 2 and additional description in the ESI). These investigations show that a clear separation of the inner and outer shells of the nanotubes and a corrugated structure of the walls (with clearly visible grain boundaries) are obtained when the tube membranes are annealed with a heating rate of 10 °C min -1 (see Fig.  2(a) and (b) ). The separation of inner and outer shells could not be observed for rapid annealing and the annealing process merged the two shells instead, so that an apparently "single-walled" tubular structure was formed upon crystallization, as shown in Fig. 2(c)-(f) . These results are well in line with previous reports. [25, 28, 29] In order to elaborate the large difference in cell efficiencies and electron transport properties further we additionally investigated the differently annealed tubes by transient absorption spectroscopy based on femtosecond (fs) pump-probe experiments (see the ESI for experimental details). The results are compiled in Fig. 3(a) -(d) (and Fig. S7(a)-(b) ). In general, the spectra can be separated into three components (holes, trapped and free electrons -see ESI), being this well in line with the literature on TiO 2 . [27, [30] [31] [32] [33] The fitting results, which provide the corresponding lifetime for holes, trapped-and free-electrons, are reported in the table in Fig. 3 (e) (and Fig. S7(c) ). Overall, clear differences of the lifetime values can be observed for the freeelectrons (i.e., τ 3 ). Precisely, the lifetime of free-electrons is markedly increased when the tube scaffolds were annealed with ramping of 30°C min -1 compared to 10°C min -1 . These results are well in line with relative solar cell efficiencies and IMPS data that show faster electron transport for rapidly annealed tubes. A slight increase of free-electron lifetime was also observed by a further increase of the annealing rate up to 60°C min -1 (Fig. S7(c) ). However, for solar cells fabricated from these tubes, a slight drop of efficiency was observed compared to tubes annealed at 30°C min -1 , which is in agreement with the considerably (in-situ) slower electron transport (IMPS results) of the former. Overall, the results of fs pump-probe spectroscopy and IMPS measurements show that a rapid annealing of anodic TiO 2 nanotubes enables superior electronic properties that can be ascribed to a lower density of trapping states. [26, 27] Such enhanced electron transport of rapidly-annealed tubes may be related to the robust, crack-free and "single-walled" morphology. On the contrary, slow annealing led to tubes characterized by relatively large number of cracks and this feature may induce charge recombination and limit the electron lifetime, which in turn detrimentally affect the one-dimensional electron transport. 
Conclusions
Free-standing TiO 2 nanotube membranes were fabricated to be used as photo-anodes in front-side illuminated DSSCs. We showed that several experimental factors strongly affect the solar cell efficiency. In particular, the heating rate used during the crystallization of the photo-anodes largely influenced the structural features of the tubes and their charge carrier transport properties which in turn affect, to a large extent, the solar light conversion efficiency of the device.
